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ABSTRACT
The effect of precipitation on Ni-rich NiTi Shape Memory

Alloys on the thermomechanical properties is investigated. Par-
ticulary, the relation between the chemical evolution of the alloy
and phase transformation characteristics are studied in order to
evaluate the impact on the global mechanical response. The evo-
lution of chemical composition of the alloy is computed using a
diffusion law, according to the precipitates population character-
istics. The mechanical response is simulated using a Represen-
tative Unit Cell which takes into account the structural effect of
the precipitates as well as the effect of the composition change.
The results show an important effect on the global mechanical
behavior even for a small volume fraction of precipitates.

INTRODUCTION
It is well known that shape memory alloy behavior is very

sensitive to microstructural parameters. At given chemical com-
positions, application of suitable thermomechanical treatments
can strongly modify the SMA behavior characteristics, likehys-
teresis size, plastic yield limit, transformation temperatures,
transformation and reorientation slopes or occurrence of resid-
ual strain [1]. Precipitation is among the major microstructural
features responsible to this sensitivity. According to thenature
of the alloy system considered, second phase precipitationor de-
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composition into equilibrium phases may occur, leading to strong
modifications in the alloy overall behavior. Many metallurgical
studies are devoted to these precipitation phenomena and their ef-
fects on martensitic transformation [1–3]. Many models arealso
derived to describe the SMA behavior. But, up to now, only a few
attempts were made to model the influence of precipitates on this
behavior despite its importance in reaching a better understand-
ing of strain mechanisms in SMAs and for practical purposes in
application design.

In Ni-rich NiTi SMAs, when precipitation occurs (especially
the appearance ofNi4Ti3 precipitates), the Ni concentration in
the material is affected. In this work Ni-rich SMA denotes a NiTi
with more than 50.2 % Ni. BecauseNi4Ti3 is a high Ni-content
phase (57.1%), the growing of precipitates induces a Ni depletion
in the matrix around precipitates through a diffusion process. A
concentration gradient appears, until the thermodynamical chem-
ical balance is reached (lowest bound for Ni concentration). This
effect has been experimentally observed by Schryverset al. [4].
Figure 1b shows the spot measurements of the Ni concentration
aroundNi4Ti3 precipitates, where it is clear that the Ni content
decreases in the vicinity of the precipitates. Several authors have
observed the size and shape of theseNi4Ti3 precipitates [2,5–7].
Lenticular-shape precipitates appears with an aspect ratio and
size which are strongly dependent on the annealing durationtime
and temperature. In a general manner, the thickness - diameter
ratio decreases whith the precipitates growth. Figure 1b shows
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(a) Spot measurment of Ni concentration
aroundNi4Ti3 precipitates [4]

(b) 3D reconstruction ofNi4Ti3 precipitates [5]

FIGURE 1. Moprhology ofNi4Ti3 precipitates and Ni depletion in
the matrix

a 3D reconstruction of these precipitates from microstructural
observations [5], where the lenticular shape of the precipitates
clearly appears.

Several authors have related the transformation temperatures
to the Ni concentration in quasi equiatomic NiTi SMAs. The
composition change in an alloy, due to an annealing process,can
strongly modify the transformation temperatures. The thermo-
mechanical behavior is then impacted, and the objective of this
work is to better understand how the mechanical response is af-
fected. This work focuses only on the Ni concentration gradient
impact. The effect of cold-working [8], which can also shiftthe
transformation temperatures is not taken into account.

To this end, Section 1 will discuss the model being utilized,
from the determination of the concentration of Ni, the impact
of the concentration change on the transformation characteristics
and the development of the numerical model. Also, the model
utilized for the simulation of the SMA phase is briefly presented.
Section 2 will present the mechanical behavior of the different
cases simulated, and discuss the effect of the different features
implemented in the numerical model. Concluding remarks will
be given in the last section.

1 MODELING
To describe the behavior of SMAs containing precipitates,

an appropriate modeling scheme must be developed. Several ap-
proaches can be used:

One can consider a micromechanical model, considering a
two-phase composite: theNi4Ti3 precipitates and the NiTi ma-
trix. Using the mean field approach, the concentration in the
matrix is supposed to be homogeneous. This assumption is valid
only for long annealing times, where the material reaches the
thermodynamic equilibrium. However these models can be im-
plemented in FEA softwares to determine the response of an-
nealed structures in real conditions, for example the influence of
such Ni depletion after shape setting.

One other approach is to consider a Representative Unit
Cell, defined by a precipitate embedded in a surrounding ma-
trix composed of several layers of NiTi SMA, each one with a
different composition. A diffusion law is necessary to determine
the mean concentration of each layer in this case. The concept
of Representative Unit Cell has been developed for periodicmi-
crostructures [9, 10]. Even if it is not the case here, this method
can still give a good estimation since the inclusions are well dis-
tributed. The advantage of this method, in comparison with the
previous one, is the introduction of the distribution of theNi con-
centration in the model. The drawback is the high computational
time cost, as well as the difficulty in finding the behavior in the
case of complex loadings.

As the main objective of this work is to study how the com-
position change of the alloy will impact the transformationbe-
havior, it is important to include most of the features related to
this phenomenon in the model. Moreover, several studies had
showed that the incremental Mori-Tanaka scheme is not appro-
priate to describe the behavior of elastic-plastic or SMA matrix
with stiff elastic inhomogeneities [11, 12]. For these reasons,
the Unit Cell approach is prefered. Particularly, the effect of the
gradient of the Ni concentration can be included. The devel-
oped model will help to study the effect of the volume fraction
of precipitates, as well as their morphology and the effect of the
composition change.

Ni concentration determination
In order to determine the Ni concentration of the matrix,

several characteristics about the precipitates (volume fraction,
shape, mean interdistance) have to be known. An exhaustive
study of the effect of annealing on the precipitates characteristics
has been conducted by Khalil Allafiet al. [2]. In this study, the
influence of the Ni concentration gradient on multistage trans-
formation was determined using an uniaxial diffusion law. The
same law is used in this work, however applied to the three di-
mensionnal case of ellipsoidal precipitates. Moreover, the diffu-
sion coefficient is identified by the balance between the average
concentration given by the diffusion law and the one determined
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from the experimental determination of the volume fractionof
the precipitates. Indeed, knowing the volume fraction of precipi-
tates and the Ni concentration of those precipitates, the mean Ni
concentration of the matrixCNi takes the form:

CNi =
c0− fp · cNi4Ti3

1− fp
(1)

wherec0 corresponds to the initial concentration of the initial
material, andcNi4Ti3 is the Ni concentration of theNi4Ti3 pre-
cipitated phase of volume fractionfp.

Also, the diffusion law gives the isoconcentration value ofan
ellipsoidal surface around a precipitate, at a given distance of the
surface of the precipitate. By integrating all concentrations on
the total matrix volume, the mean concentration is computed. By
iterating this procedure, varying the diffusion coefficient until the
mean concentration value is equivalent with the one derivedfrom
the volume fractions determination, the diffusion coefficient is
obtained [13].

Effect of Ni depletion
Several experimental studies show a strong impact of Ni

concentration on martensitic transformation temperatureMs for
NiTi materials. A review of these tests has been presented by
Tang [14]. These experiments show that under 50% at. Ni, there
is no relation between Ni concentration and transformationtem-
peratures and a constant value (350K) of Ms is observed. Above
50% at. Ni,Ms values fall down drastically, reaching a theoritical
transformation limit temperature (0K) for 51.5% at. Ni concen-
tration. These tests also highlight the same trend for the end of
the reverse transformation temperatureA f .

From these results an evolution law is proposed for the evo-
lution ofMs as a function of the Ni concentration. By considering
Mp

s the plateau temperature for Ni concentration under 50% at.,
andcT=0 the theoritical concentration limit which correspond to
Ms = 0K, the following power law forMs is proposed:

Ms = Mp
s

(

1−

(

c− cT

cT=0− cT

)γ)

(2)

wherecT = 48.5%, which corresponds to the minimal value of Ni
concentration. A value ofγ = 5 is calibrated using experimental
data (Figure 2).

By combining the diffusion law with theMs temperature
evolution law, one can determine the evolution of transformation
temperatures aroundNi4Ti3 precipitates, due to Ni depletion.

FIGURE 2. Comparison between the power law and experimental
data [13]

Representative Unit Cell def nition
In order to determine the macroscopic behavior of NiTi

which contains precipitates, a model has to be defined with rele-
vant information such as concentration gradient, volume fraction
of precipitates, material properties and phases morphology. A
Representative Unit Cell is defined to account for these charac-
teristics. Representative Unit Cells have been used for homog-
enization models of periodic microstuctures [10] and as a refer-
ence solution for elastic-plastic matrix containing elastic precip-
itates [11]. The Representative Unit Cell is defined according to
the morphology of the precipitates, illustrated in Figure 1b. Since
the precipitates have approximately the same shape and size, a
unique Unit Cell is defined to represent the annealed material. In
this work we choose a parallelepipedic Representative UnitCell
which contains one lenticular precipitate. To define the optimal
geometry of this Unit Cell, several criteria are used:

1. The volume fraction of the precipitate inside the Represen-
tative Unit Cell is set to be equal to the volume fraction of
the precipitates in the material.

2. According to the diffusion law, Ni isoconcentration ellip-
soids are defined. Knowing the volume fraction of precipi-
tates, a thickness for the surrounding matrix of each precip-
itate is defined. This thickness, as well as the shape of the
precipitate, are used to define the dimensions of the paral-
lelepipedic Unit Cell.

According to geometrical and uniaxial symmetries, the be-
havior of 1/8 of the Cell is simulated. For uniaxial loadings,
boundary conditions are applied in such a way that they are iden-
tical to the periodicity configurations [11].
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Phase constitutive laws
To account for the behavior of the precipitate and the SMA

matrix layers respectively, two different laws are used. An
isotropic elastic law is used to account for the precipitatebe-
havior. While the precipitates can not be isolated from the
NiTi matrix, elastic constant measurements are difficult toper-
form, so in these simulations the isotropic moduli being used
(E = 104GPa,ν = 0.39) have been defined using first principles
calculations performed by Wagner and Windl [15]. A thermo-
dynamical macroscopic constitutive law defined by Chemiskyet
al. is used to represent the behavior of the SMA matrix [16].
This law has already been used to model the behavior of SMA-
based composites, such as SMA-fiber reinforced elastomer com-
posites [17]. This specific law is based on an additive decom-
position of the macroscopic strain, according to the small-strain
assumption:

E = Ee + ET + Etwin (3)

whereEe is the elastic strain,ET is the martensitic transfor-
mation strain andEtwin is the twin accommodation strain, which
accounts for the twin accommodation mechanism at the inter-
face between two variants, as observed by Liuet al. [18]. The
macroscopic behavior is then represented considering three in-
ternal variables to account the different strain mechanisms: the
martensite volume fractionf , the mean transformation strain̄εεεT

inside the martensite phase and the mean twin accommodation
strainε̄εεtwin inside the self-accommodated martensite. The rela-
tion 3 can be rewritten in the following form:

E = Ee + f ε̄εεT +γmε̄εεtwin (4)

The definition of these internal variables and the thermody-
namical forces related to each internal variable are given in [16].
This law is implemented into the FEA package Abaqus, using
Simula+ Mathematical Object Library tool [19].

Material parameters used for the NiTi matrix correspond to
common parameters used for NiTi materials [13] (see Table 1),
except for the transformation temperatures, related to theNi con-
centration gradient (see Table 2).

2 Simulations
Two Unit Cells are studied and each one is defined accord-

ing to experimental data for a specified annealing time (1h and
10h, see Table 3). These data are obtained from TEM experi-
ments performed on 50.7% at. Ni annealed NiTi by Khalil Al-
lafi et al. [3]. To represent the transformation temperature gradi-
ent inside the Unit Cell corresponding to the 1h heat treatment,

four layers are considered, with different transformationtemper-
atures (according to the Ni concentration average for each layer).
As the Ni concentration throughout the matrix for the 10h treat-
ment is quite constant, while the thermodynamical equilibrium
is reached almost everywhere in the SMA matrix, a unique set
of transformation temperatures is considered for the wholeSMA
matrix. Two different loading paths are performed: the firstone
is a uniaxial tensile loading in the direction of the diameter of the
precipitate (Figure 4), while the second one is in the direction of
the thickness of the precipitate (Figure 5). For each loading case,
four temperatures are considered (20,40,60 and 80◦C) in order
to cover several different behaviors for the NiTi matrix phase (su-
perelasticity, reorientation of self-accommodated martensite and
combined transformation/reorientation mechanisms).

Results obtained for the various Unit Cell simulations are
compared with the initial material, for isothermal tensileloading
paths. From these results, the general trend observed is that the
critical stress for inducing transformation decreases when the an-
nealing time increases. This effect is explained by the depletion
of the Ni concentration in the matrix, which raises the transfor-
mation temperatures. Therefore, the average stress limit to in-
duce the martensitic phase transformation decreases.

For the higher testing temperature (80◦C), the behavior of
the initial material and the 1h annealed material are superelas-
tic. In that case, where the behavior is driven by the transforma-

TABLE 1. Material properties for a common NiTi alloy (The temper-
atures are indicated in a separated table for each concentration consid-
ered)

Parameter Value

E 70 GPa

ν 0.3

εT
tensilemax 0.05

εT
compmax 0.04

B 0.25 MPa/◦C

Ms NC◦C

A f NC◦C

r f 0.6

Fε 200 MPa

H f (MPa) 2 MPa

HεT (MPa) 1500 MPa

Htwin(MPa) 30000 MPa
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FIGURE 3. Volume fraction of martensite for the Unit Cell (treatment1h) at 5% tensile strain at a) 20◦C b) 80◦C

TABLE 2. Transformation temperatures

Treatment 1

Layer 1 Layer 2 Layer 3 Layer 4 Average

Ms 51◦C 39◦C 25◦C 9◦C 19◦C

A f 81◦C 69◦C 55◦C 39◦C 49◦C

Treatment 2

Average

Ms 55◦C

A f 85◦C

TABLE 3. Characteristics of theNi4Ti3 precipitates, from [3]

Annealing time at 500◦C 1h 10h

DiameterD(nm) 115±30 335±120

Thicknesse(nm) 7.7±3.0 32±7

Mean interparticules distancel(nm) 145±20 300±20

Volume fraction of precipitatesfP(%) 1.7±1.0 6.7±3.5

tion of austenite to stress-induced martensite, the transformation
hardening is not affected by the effect of annealing at the onset
of the transformation. On the other hand, the end of transfor-
mation starts at a lower deformation state. A smoother transi-
tion between the transformation and the elastic behavior ofthe
martensite is observed. The same effect is observed at the begin-
ning of the reverse transformation. The hysteresis is also slightly

increased. This hardening effect is more pronounced for the10h
annealed material. Moreover, in that case, the hysteresis is sig-
nificantly increased. Since this effect can be ascribed to the ef-
fect of combined reorientation and transformation, it is difficult
to evaluate the impact of the precipitate on the transformation
part of the hysteresis. For both annealed materials, the harden-
ing effect is reduced in the case of loading in the direction of
the thickness of the precipitate compared to the case of the load-
ing in the direction of the diameter of the precipitate. The same
trends are observed for the simulations at 60◦C, even if in this
case both annealed materials are no longer superelastic. For the
lower testing temperatures (20 and 40◦C), the reduction of the
stress limit is less pronounced. This is mainly due to the fact that
in these configuations, the mechanical behavior is driven bythe
reorientation process (which is independent of the transformation
temperatures) instead of the transformation process. The varia-
tion of the transformation temperatures has then a small impact
on the mechanical response.

To illustrate these explanations, Figure 3 shows the marten-
site volume fraction evolution for the 20◦C and 80◦C, at the end
of the transformation (5% total strain). One can observe a full
transformation for loading at 20◦C. For the simulations at 80◦C,
the transformation is localized on the top of the precipitates, and
propagates to the upper surface of the Unit Cell. When the trans-
formation strain is fully completed in this area, the elastic be-
havior of the martensite increases the stiffness of the UnitCell.
This explains the slight increase of the stress at the end of the
transformation. This effect is also observed for the secondtreat-
ment, although there is no transformation temperature gradient
in the matrix, and is then mainly due to the structural effectof
the precipitate. The trends observed in this study are also experi-
mentally observed by Fricket. al. [20], for a different NiTi com-
position and different set of heat treatments. For high volume
fraction and increased size of the precipitates, the stresslevel to
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FIGURE 4. Stress strain response for the initial and annealed configurations at various temperatures. The Representative Unit Cell is loaded in the
direction of the diameter of the precipitate.

FIGURE 5. Stress strain response for the initial and annealed configurations at various temperatures. The Representative Unit Cell is loaded in the
direction of the thickness of the precipitate.
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initiate the transformation decreases significantly, as animpor-
tant increase of the transformation/orientation hardening at the
end of the loading path is observed.

3 Conclusions
A methodolgy has been defined in order to estimate the im-

pact of heat treatment on the macroscopic behavior of Ni-rich
NiTi SMAs. Definition of the Ni concentration around precip-
itates led to the definition of a Representative Unit Cell. Re-
sults show a strong influence of the precipitates, as a function
of the annealing time, which determine the volume fraction,the
size and the aspect ratio of the precipitates. Two main features
are involved, both related to the precipitates growth: a) the Ni
concentration decreases around precipitates, inducing a change
of the transformation temperatures and b) precipitates, through
their structural effect, cause a hardening due to their important
stiffness. Further investigation will be conducted to study the ef-
fect of the internal stress effect due to precipitates coherency as
well as the effect of the precipitates distribution.

ACKNOWLEDGMENT
The support of the NSF International Institute of Materials

for Energy Conversion (IIMEC), award #0844082, is acknowl-
edged.

REFERENCES
[1] Otsuka, K., and Ren, X., 2005. “Physical metallurgy of

Ti-Ni-based shape memory alloys”.Progress in Materials
Science, 50, pp. 511–678.

[2] Khalil-Allafi, J., Dlouhy, A., and Eggeler, G., 2002. “Creep
and aging of Ni-rich NiTi shape memory alloys and the re-
lation between microstructures and martensitic transforma-
tions”. Acta Materalia, 50, pp. 4255–4274.

[3] Khalil-Allafi, J., Ren, X., and Eggeler, G., 2002. “The
mechanism of multistage martensitic transformations in
aged Ni-rich NiTi shape memory alloys”.Acta Materalia,
50, pp. 793–803.

[4] Schryvers, D., Tirry, W., and Yang, Z., 2006. “Measuring
strain fields and concentration gradients aroundNi4Ti3 pre-
cipitates”.Mat. Science & Eng. A, 438-440, pp. 485–488.

[5] Cao, S., Somsen, C., Croitoru, M., Schryvers, D., and
Eggeler, G., 2010. “Focused ion beam/scanning elec-
tron microscopy tomography and conventional transmis-
sion electron microscopy assessment of Ni4Ti3 morphol-
ogy in compression-aged Ni-rich NiTi single crystals”.
Scripta materalia, 62, pp. 399–402.

[6] Bataillard, L., 1996. “Transformation martensitique multi-
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July.

[14] Tang, W., Sundman, B., Sandström, R., and Qiu, C., 1999.
“New modelling of the B2 phase and its associated marten-
sitic transformation in the Ti-Ni system”.Acta Materalia,
47, pp. 3457–3468.

[15] Wagner, M., and Windl, W., 2009. “Elastic anisotropy of
Ni4Ti3 from first principles”. Scripta Materialia, 60(4),
pp. 207–210.

[16] Chemisky, Y., Duval, A., Patoor, E., and Ben Zineb, T.
“Shape Memory Alloys modeling, including phase trans-
formation and twinning effects, submitted”.Mechanics of
Materials.

[17] Chemisky, Y., Duval, A., Piotrowski, B., Ben Zineb, T.,
Tahiri, V., and Patoor, E., 2009. “Numerical tool for SMA
material simulation: Application to composite structure de-
sign”. Smart Materials and Structures, 18.

[18] Liu, Y., Xie, Z., Van Humbeeck, J., and Delaey, L., 1999.
“Some results on the detwinning process in NiTi shape
memory alloys”.Scripta Materialia, 41, pp. 1273–1281.

[19] Simula+,
http://www.univ-valenciennes.fr/lamav/simula%2b/.

[20] Frick, P., Ortega, A., Tyber, J., Maksound, A., Maier, H.,
Liu, Y., and Gall, K., 2005. “Thermal processing of poly-
cristalline NiTi shape memory alloys”.Mat. Science &
Eng. A, pp. 34–49.

7


